The electron-beam-induced damage in a zeolite under 60-200 keV energy beam irradiation has both radiolitic and knock-on components and can be described by linear superposition of these two processes. Theoretical predictions supported by experiments at 60 keV suggest that for electron beam energies smaller than 70 keV, the damage to the specimen follows a radiolitic path. For energies larger than 200 keV, knock-on based sputtering of the material will dominate, while considerable radiolitic movement of the atoms will still be present. Elastic and inelastic scattering of energetic electrons in specimens are essential for imaging and spectroscopy in transmission electron microscopy (TEM). They are also responsible for electron-beam-induced alterations of specimens limiting quantitative analysis. The most common damage mechanisms can be classified under knock-on damage and radiolysis.
Elastic and inelastic scattering of energetic electrons in specimens are essential for imaging and spectroscopy in transmission electron microscopy (TEM). They are also responsible for electron-beam-induced alterations of specimens limiting quantitative analysis. The most common damage mechanisms can be classified under knock-on damage and radiolysis. 1, 2 Every sample is subject to knock-on damage if the energy of incident electrons is high enough to overcome the threshold energy of atomic sputtering. 3, 4 Radiolysis, on the other hand, introduces atomic displacements in a solid by converting excitonic energies generated during incident-probe-atomicelectron interactions into momentum by forming a Frankel pair. 5 For radiolysis, the energy stored in an exciton should be as large as the energy necessary for atomic displacement, and the relaxation time for the exciton should be long enough ( 1 ps) so that mechanical relaxation of the atoms can lead to bonding instabilities. As a result, induced atomic displacement is primarily observed in ice, organics, halides, and silicates. 1 While it is expected that many materials should be susceptible to both types of electron beam damage at high electron energies ( 100 keV), there is no such reported case. The occurring damage is found to be either radiolitic or knock-on. Silicate-base materials have been shown to be altered by either damage mechanisms: Hobbs et al. 6 and Ihui et al. 7 reported radiolysis driven crystalline-to-amorphous transformation in α quartz, while Chen et al. 8 measured mass loss in amorphous SiO 2 due to knock-on damage. This raises a question of whether these two mechanisms can be considered independent, and if the dominance of one is due to a difference in damage rates or if the presence of one mechanism fundamentally affects the other; for example, the presence of knock-on scatterings changes the excitonic states critical for radiolysis.
In this Brief Report, we show that in the case of a certain zeolite, for a wide range of incident electron energies, both knock-on and radiolitic electron-beam damage mechanisms are active, and a linear superposition of these two processes, characteristic for independent processes, can be used to evaluate the total rate of the damage. Experimental high-resolution imaging and electron energy loss spectroscopy (EELS) studies presented here and a comparison with theoretical damage cross sections indicate that when electron beam energy is smaller than 70 keV, only radiolysis is active, and when it is larger than 70 keV, both mechanisms contribute. These results are of particular significance because an understanding of electron beam damage in zeolites [9] [10] [11] [12] could improve their structure identification. [13] [14] [15] The aluminosilicate zeolite MCM-22 (framework type MWW 16 ) formed by calcination of a layered precursor, 17 MCM-22(P), with 2.5-nm-thick layers and a Si/Al ratio of 46.7, has been used in this study. Electron transparent samples were prepared by sonication of small particles for about 5 min in isopropanol, which were picked up by a standard holey-carbon TEM grid. The experiments were carried out in two different TEM's: an FEI Tecnai G2 F-30 300 kV scanning and transmission electron microscope ((S)TEM) equipped with a Schottky field emission gun, S-twin lens, Gatan Enfina-1000 energy loss spectrometer, and low-angle and high-angle annular dark field (ADF) detectors, and a Nion aberration-corrected dedicated Ultra-STEM.
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During knock-on damage, an incident energetic electron of the probe in a direct collision transfers a significant amount of energy to the atoms of the specimen, which can be sufficient to remove an atom from its site or sputter it from the surface. 19, 20 The maximum energy that can be transferred to an atom in a collision is 3, 4 
where E is the energy of incident electrons, M 0 is the mass of the atom, and m 0 c 2 = 511 keV is the rest energy of the electron. This equation also provides the threshold energy, E (1) th , that incident electrons must have to be able to displace or sputter atoms from a site in a solid. The probabilities for vacancy-enhanced displacement and surface sputtering, which are the two dominating processes for knock-on damage, can be described using the Mott cross sections. 3, 21 The Mott cross section for surface sputtering (which is the limiting mechanism) for a relativistic incident electron can be expressed as 4, 22 
where Z is the atomic number, α = Z/137, ξ = E max /E
th , and β = v/c = 1
The Si-O binding energy in silicates is about 5-5.5 eV/bond, 23 resulting in the threshold energies for oxygen and silicon atoms in the zeolite to be about 70 and 115 eV, respectively. The dependence of the cross sections of knock-on damage on incident electron energy for oxygen and silicon atoms is presented in Fig. 1 , where σ k (E) has a nonzero value at energies E > E (1) th . This suggests that in microscopes with a beam energy lower than 65 keV, knock-on damage should not occur. Since the fraction of Al in the sample is small, its presence is neglected in the modeled structure.
The cross section of radiolytic movement of atoms in a specimen for a relativistic incident electron is given as
where E (2) th is the threshold energy that must be transferred to the electrons of the atom to produce atomic movement. It is defined by bond strength and coordination number of the atom within the specimen. The efficiency factor ζ in Eq. (3) in silicates is ζ 10 −41 . The calculated cross sections for the radiolitic movement of silicon and oxygen atoms in the zeolite are presented in Fig. 1 .
A series of conventional high-resolution bright-field TEM images of MCM-22 zeolite were collected using FEI-(S)TEM. They were recorded with 5-s intervals at four accelerating voltages: 60, 80, 100, and 200 kV. The electron beam current, measured using the drift tube of the EELS with the magnet switched off, was 0.14 nA during acquisition of all the images. To avoid the effects of specimen thickness on the damage rate, data from samples with similar thicknesses were selected for further analysis. The thickness of each sample was measured using the ratios of the intensities of the single plasmon loss to the zero loss: t = [I pl /I 0 ]λ pl = 0.07λ pl , where λ pl is the mean free path of plasmon generation. 24, 25 The estimated thickness was about 7.5 ± 1 nm.
Fast Fourier transforms (FFT) of the high-resolution images were calculated to evaluate electron-beam-induced damage. The intensity of the spots, I c , corresponding to periodic fringes in the image, and the rings, of the crystal structure of the sample from crystalline to amorphous, was evaluated. 26 Then, the slope of the linear fit to the data set of the decaying ratio, R, as a function of time was used as a damage rate [see the inset in Fig. 2(f) ]. The summary of damage rates obtained for incident beams with 60, 80, 100, and 200 keV energy electrons is presented in Fig. 3 . For comparison with theoretical predictions, the data were fitted to the total damage cross-section function combining both knock-on and radiolitic scattering processes,
. A single fitting parameter, A, incorporates the incident beam current density and the crystal-to-amorphous transition factor. The average for [SiO 2 ] unit cross sections were used for the sample. The remarkable correlation of the theory and experiment on damage behavior suggests that indeed both damage mechanisms are present during degradation of the zeolite sample when it is exposed to an electron beam with an energy larger than 70 keV.
To confirm these observations, EELS measurements were conducted under the same conditions as imaging with a 200 keV electron beam. EELS spectra of Si as the crystal structure of the specimen was degrading under electron beam exposure. The integrated intensities of both Si L 2,3 and O K edges were calculated after standard background subtraction 20, 24 and plotted as a function of beam exposure time (Fig. 4) . The strong reduction of the number of Si and O atoms from the exposed area is an indication that considerable knock-on-based sputtering of the material is taking place at 200 keV, which is consistent with theoretical predictions (see Figs. 1 and 3 ).
For damage with 60 keV electrons, a Nion aberrationcorrected STEM was used to irradiate the samples and record ADF images. Figures 5(a) and 5(b) show high-resolution ADF images of a layer of MCM-22 zeolite (c axis of the sample was oriented parallel to the incident beam) before and after beam damage. While the loss of crystal structure is apparent, it is not clear that mass loss has taken place. The ADF intensity, I ADF , which is proportional to the number of atoms in the exposed area and the average atomic number (Z) of the sample, 27 was calculated before and after beam damage. The ratio of the ADF intensities obtained from entire images, I indicates that atomic sputtering is not an active scattering process, therefore confirming that radiolysis is the damage mechanism at 60 keV.
To estimate the range of atomic movements in zeolites initiated by radiolysis, the STEM probe was held at one point on the sample for about 10 s to form a hole. A low-magnification ADF image of the area was taken right after [see Fig. 5(c) ]. Increased intensity in ADF image in areas around the edges of the hole is due to an accumulation of additional material from the irradiated "hole" area. A line scan obtained from the image across the hole is compared with a similar line scan obtained from the nonirradiated nearby area, and the results are shown in Figs. 5(c) and 5(d). It can be seen that radiolysis in this zeolite produces about 2-3 nm mass displacement.
In conclusion, we observed that electron-beam-induced damage in zeolite at a moderate 60-200 keV electron energy range, typical for most TEM's, has both radiolitic and knock-on components and can be described by a linear superposition of these two processes typical of independent processes. Experimental observations supported by theoretical predictions, based on scattering cross sections, suggest that for the electron beam energies smaller than 70 keV, the damage follows only a radiolitic path. However, for energies bigger than 200 keV, knock-on-based sputtering of material from the surface is expected to be dominant, while considerable radiolitic movement of the atoms will still be present. It was also observed that during radiolysis, mass displacement is about 2-3 nm. The results also suggest that operating the TEM with an 80 keV electron beam will minimize the beam damage in similar zeolites. These results also suggest that both radiolitic and knock-on damage mechanisms should be present in many silicates, including different crystalline or amorphous forms of SiO 2 sharing similar (∼5 eV) atomic bonding energies. We believe that insufficient analytical capabilities in early TEM's prevented Hobbs et al., 6 Ihui et al., 7 and Chen et al. 8 from detecting both damage mechanisms.
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